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Architecture

Beam-sweeping

Summary

v Mobility	may	disrupt																																			 .	.	
.	.gains	of	mm-wave

Ø Beam-sweeping																																																								
has	high	cost

v High	capacity:
Ø Narrow	beams

Ø Frequent	beam-sweeping	à delay	&	energy	cost

v What	is	the	optimal	trade-off	between	 .	.	.	
.	.beam-sweeping	&	data	communication?

v Analytical	framework	to	optimize	trade-off .	
.	.between	beam-sweeping	&	communication.	
.		in	mobile	mm-wave	networks

Ø Optimization	yields	significant	margins	wrt a	non	
flexible	design	(IEEE	802.11	ad)

v Future	work:	joint	alignment	at	MU,	energy.	
.		cost	of	beam-sweeping,	multiuser,	blockages

Mobility	model

v Mobile	user	(MU)	moves	along	a	line .	.	.	.	.	
.		at	speed			

v Beam	pointing	uncertainty

v Future	mobile	&	dense	networks	demand .f	
f flexibility	to	address	overwhelming .		.		.	.	.					
.		communication	overhead

1) We	propose	a	flexible architecture	for	dynamic	
network	control	via	SDN

2) We	design	flexible	adaptive	beam-alignment
protocol	to	minimize	energy	cost	&	support	QoS

3) We	address	beam-design to	directly	incorporate	
detection	performance

MDP	formulation
v Adaptive	beam	alignment	protocol	as	finite	
.	 horizon	Markov	decision	process

Ø Time	interval k=0,…,L-1

Ø State Uk:	width	of	uncertainty	area

Ø Action :	beam	width

Ø Cost :	sensing	energy

Ø Final	cost :	data	comm.	energy

Ø Transitions:	depend	on	ACK/NACK

v Approach:	Analysis	of	cost-to-go	function .	
.	.&	structural	properties
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v Hypothesis	test	in	each	sensing	slot:

v Neyman-Pearson	detector:	

v Beam	design (extension	with	hybrid beamforming):
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SDN	framework	goals
v Enable .	.	.	.	.	.	.	.	.		
.		programmability	.		
.		at	MAC	&	PHY .		.	.		
.		layers

v Enable	different	.		.		
.		per-packet .		.			.	.	.		
.		behaviors

v Define	and .		.	.		.	.	
..	incorporate .	.	.	.	.		
.		wireless primitives	
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Fig. 1. Improve a statistical channel model by considering building blockages.
(a) Path loss values on Holloway road illustrate the shadowing effect of
buildings. (b) After being shifted by the diffraction losses, the ITU model
closely follows the measurement results.

cordingly, 3-sigma ranges for both the original and shifted ITU
models are shown and root mean square errors (RMSEs) are
computed separately according to the mean of each model.
As we can see, the modified ITU predictions follow the mea-
surement data much better than the original ones, providing a
RMSE improvement of 11.79 dB. Another observation is, for
distances below 280 m, the original ITU model overestimated
the path loss by around 20 dB. This may be caused by some
strong reflection path(s). Also, in the same distance range, the
KED model overestimated the attenuation caused by Rickover
Hall, which was probably caused by the fact that the blockage
happened at the southern vertical edge of the building, which
corresponds to a short obstructing screen but the KED model
applies for a screen with infinite height. Still, the KED model
helped identify the path loss peak below 260 m.

IV. FOLIAGE ANALYSIS

The effect of foliage for modeling mm-wave channel is
a vital consideration for suburban environments as scattering
and absorption at these frequencies can significantly attenuate
the signal. In our measurement campaign, eleven sites had
partial or total obstruction of the LoS signal from foliage,
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Fig. 2. Comparison of computed and measured path loss at 28 GHz.

ranging from a single tree to a small grove of trees. Our
measurement results were compared against four well known
empirical models [6] that are valid in this frequency range:
COST235, Weissberger, ITU-R and FITU-R models.

Fig. 2 illustrates our measured excess vegetation attenuation
versus vegetation depth as well as existing model predictions.
From the figure, we observe that the mean measured value
of foliage attenuation (0.07 dB/m) is significantly less than
that of model-predicted values. Our measurements, however,
demonstrate a significant amount of multipath energy arriving
at the receiver, likely being scattered from other objects in
the environment. As a result, we recorded a greater signal
strength than what would be predicted by these simple single-
path attenuation models.

V. CONCLUSION

In this paper, we illustrate two measurement- and geometry-
based techniques for improving existing statistical mm-wave
channel models. Our approach is suitable for a holistic,
network-level model that utilizes side information and the
results could be updated in real-time. Our techniques demon-
strate a modest, but significant, overall improvement in prop-
agation modeling accuracy.
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ranging from a single tree to a small grove of trees. Our
measurement results were compared against four well known
empirical models [6] that are valid in this frequency range:
COST235, Weissberger, ITU-R and FITU-R models.

Fig. 2 illustrates our measured excess vegetation attenuation
versus vegetation depth as well as existing model predictions.
From the figure, we observe that the mean measured value
of foliage attenuation (0.07 dB/m) is significantly less than
that of model-predicted values. Our measurements, however,
demonstrate a significant amount of multipath energy arriving
at the receiver, likely being scattered from other objects in
the environment. As a result, we recorded a greater signal
strength than what would be predicted by these simple single-
path attenuation models.

V. CONCLUSION

In this paper, we illustrate two measurement- and geometry-
based techniques for improving existing statistical mm-wave
channel models. Our approach is suitable for a holistic,
network-level model that utilizes side information and the
results could be updated in real-time. Our techniques demon-
strate a modest, but significant, overall improvement in prop-
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As we can see, the modified ITU predictions follow the mea-
surement data much better than the original ones, providing a
RMSE improvement of 11.79 dB. Another observation is, for
distances below 280 m, the original ITU model overestimated
the path loss by around 20 dB. This may be caused by some
strong reflection path(s). Also, in the same distance range, the
KED model overestimated the attenuation caused by Rickover
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ranging from a single tree to a small grove of trees. Our
measurement results were compared against four well known
empirical models [6] that are valid in this frequency range:
COST235, Weissberger, ITU-R and FITU-R models.

Fig. 2 illustrates our measured excess vegetation attenuation
versus vegetation depth as well as existing model predictions.
From the figure, we observe that the mean measured value
of foliage attenuation (0.07 dB/m) is significantly less than
that of model-predicted values. Our measurements, however,
demonstrate a significant amount of multipath energy arriving
at the receiver, likely being scattered from other objects in
the environment. As a result, we recorded a greater signal
strength than what would be predicted by these simple single-
path attenuation models.

V. CONCLUSION

In this paper, we illustrate two measurement- and geometry-
based techniques for improving existing statistical mm-wave
channel models. Our approach is suitable for a holistic,
network-level model that utilizes side information and the
results could be updated in real-time. Our techniques demon-
strate a modest, but significant, overall improvement in prop-
agation modeling accuracy.
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Fig. 1. Block diagrams for the 28-GHz broadband sliding correlator channel sounder. Model numbers are labeled for some commercially available parts.

A. Measurement Equipment

A custom-designed broadband sliding correlator channel
sounder [13] was used to record propagation data. Figure 1
presents block diagrams for the channel sounder. At both the
TX and the RX sides, horn antennas with a nominal +22 dBi
gain and 15� half-power beamwidth (HPBW) were employed,
and pseudo-random noise (PN) generators produced the same
PN sequences with a chip sequence length of 2047 [1].

At the TX, the PN probing signal was generated with a
chip rate of 400 megachips per second (Mcps). It was first
modulated to a 2.5-GHz intermediate frequency (IF) and then
converted to RF of 28 GHz by mixing it with a 25.5-GHz local
oscillator (LO) at the upconverter. At the RX, the received
signal was first downconverted from 28 GHz to 2.5 GHz and
then cross-correlated with the identical PN sequence generated
with a slightly slower clock rate of 399.94 MHz, similar to the
setup in [1]. A Universal Software Radio Peripheral (USRP)
B200 was utilized to record the resulting in-phase (I) and
quadrature (Q) signal components. It also regularly sampled
the RX’s location with the help of an on-board GPS disciplined
oscillator (TCXO version).

Table I summarizes the key parameters for the channel
sounder. Note that the estimation for the maximum measurable
path loss is based on the following. (1) The RX low-noise
amplifier has a noise figure of 2.4 dB, so we assume a worst-
case RX noise figure of 6 dB. (2) The RX detection bandwidth
is 60 kHz. (3) The estimated minimum signal-to-noise ratio
(SNR) for a detectable signal is 5 dB.

B. Measurement Setup and Procedure

Three types of measurements have been performed for
large-scale path loss, emulated single-input and multiple-
output (SIMO), and continuous tracks. The TX was installed at

TABLE I
BROADBAND SLIDING CORRELATOR CHANNEL SOUNDER

SPECIFICATIONS

Carrier Frequency 28 GHz

Chip Sequence Length 2047

RF Bandwidth (First Null) 800 MHz

TX Chip Rate 400 Mcps

Temporal Resolution 2.5 ns

RX Chip Rate 399.94 Mcps

TX Power 23 dBm

TX/RX Antenna Gain 22 dBi

Measured TX/RX Azimuth HPBW 10.1�

Measured TX/RX Elevation HPBW 11.5�

Maximum Measurable Path Loss 182 dB

a height of 90 feet (27.4 m) to emulate a microcell deployment.
The RX was moved around campus by an electric car or a
two-layer platform trolley to obtain the measurements, which
is illustrated by the photographs in Figure 2.

We used compasses and digital levels to achieve beam
alignment prior to the measurements at each RX location.
Aside from the USRP output files and GPS samples, the
azimuths and elevations of both the TX and RX antennas
were recorded manually. This allowed us to reconstruct the
geometry relationship of the antennas and extract precise
antenna gains. The USRP gain was manually adjusted to
maximize the SNR at the RX.1

1The Python code for automatically carrying out the measure-
ments at each location using GNU Radio, together with the MAT-
LAB code for post-processing the collected data, are available at
https://github.com/YaguangZhang/EarsMeasurementCampaignCode.git

Block	diagrams	for	the	28-GHz	
broadband	sliding	correlator	
channel	sounder.	Model	
numbers	are	labeled	for	some	
commercially	available	parts.	
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The goal is to determine the optimal design of the joint data
communication and beam-sweeping parameters (⌘, uth, P ) so
as to maximize the average rate under average power constraint
Pmax > 0, i.e.,

P1 : (⌘, uth, P )⇤ =argmax
(⌘,uth,P )

R̄(⌘, uth, P ), (14)

s.t. P̄ (⌘, uth, P )  Pmax. (15)

The analysis is carried out in the next section.
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III. ANALYSIS
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Note that we have normalized the average rate and trans-
mission power, so that they no longer depend on the system
parameters Wtot,�, d, �, �S . This is beneficial since it unifies
the structure of the optimal design in a wide range of scenarios.
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Note that we have normalized the average rate and trans-
mission power, so that they no longer depend on the system
parameters Wtot,�, d, �, �S . This is beneficial since it unifies
the structure of the optimal design in a wide range of scenarios.

The optimization problem thus becomes
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s.t. P̂ (⌘, �, ⇣)  P̂max, (26)

where P̂max = d�
�S�Pmax. This optimization problem is non-

convex. We have the following structural result.
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The goal is to determine the optimal design of the joint data
communication and beam-sweeping parameters (⌘, uth, P ) so
as to maximize the average rate under average power constraint
Pmax > 0, i.e.,

P1 : (⌘, uth, P )⇤ =argmax
(⌘,uth,P )
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The analysis is carried out in the next section.
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Due to the concavity of the log2 function, Jensen’s inequal-
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Note that we have normalized the average rate and trans-
mission power, so that they no longer depend on the system
parameters Wtot,�, d, �, �S . This is beneficial since it unifies
the structure of the optimal design in a wide range of scenarios.
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